We have demonstrated ultrafast coherent control of excitons and exciton-polaritons in semiconductor quantum nanostructures. An InGaAs/AlGaAs multi-quantum-well Bragg structure and an AlGaAs/GaAs crescent-shaped quantum wire structure were used as samples for the control of the exciton-polariton and excitons in the nanostructure. In the multi-quantum-well Bragg sample, a two-stage decay due to the super-radiant exciton-polariton mode is clearly observed under the resonance conditions. Highly sensitive coherent control measurement enables us to observe the dephasing characteristics in the crescent-shaped quantum wire sample, and a very fast dephasing time T 2 of between 200 fs and 300 fs with power dependence was observed.
Introduction
Recent development of both ultrafast laser technology and high-quality semiconductors enables us to control the coherent phenomena in the semiconductors, where the dephasing time is much shorter than those in atomic and molecular systems. The ultrafast coherent control of excitons or excitonpolaritons in semiconductor quantum nanostructures is very attractive for application to novel ultrafast devices such as ultrafast all-optical switches, terahertz wave generation devices using coherent charge oscillation and semiconductor quantum information devices. The ultrafast coherent control is also very important as a novel ultrafast spectroscopic technique using the phase-information in the measurement.
Ultrafast phase-locked spectroscopy using the coherent control technique has been reported for the study of ultrafast carrier dynamics of excitons in semiconductor quantum wells 1) and quantum dots. 2) This technique provides highly sensitive measurement 3) which cannot be performed with conventional ultrafast measurement and is a powerful tool to measure the coherent dynamics in semiconductor nano structures. 2) We have studied the coherent carrier dynamics of the quantum nanostuructres with the goal of application to novel devices using coherent phenomena. [4] [5] [6] In this study, we have investigated the coherent dynamics of excitons and excitonpolaritons in quantum nanostructures using the ultrafast coherent control technique.
Sample Characteristics
Three samples of 1) GaAs/AlGaAs single quantum well (QW) for reference, 2) InGaAs/GaAs multiple-quantum-well Bragg structure 7) with the interwell distance of half the wavelength of light, and 3) crescent-shaped GaAs/AlGaAs multiquantum-wire structures are used for the coherent control experiments.
Sample 2) consists of twenty 8nm-thick quantum wells, and is intentionally wedge-shaped, enabling us to tune the * E-mail address: k-komori@aist.go.jp distance between the quantum wells by moving the position (x) of the excitation spot; the precise position dependence is reported elsewhere. 7) Figure 1 shows (a) the laser spectra and the reflection laser spectra of the probe-beam from the multi-quantum-well Bragg structure for the three different positions of (b) the resonance condition where the interwell separation is half the wavelength of the laser, (c) the nearresonance condition where the interwell separation is detuned about +1.8% from the resonance condition, and (d) the off- resonance condition where the interwell separation is detuned about +4.7% from the resonance condition. Under the resonance condition (top figure) , the reflection spectrum of this sample shows super-radiant polariton characteristics with a Lorentzian shape. Sample 3 consists of fifteen periods of GaAs/AlGaAs quantum wires formed on a V-grooved GaAs substrate. A cross sectional scanning-electron-microscopy (SEM) view of the quantum wires and the schematic structure of the quantum wires embedded in the AlGaAs cladding layers are shown in Figs. 2(a) and 2(b), respectively. These samples were fabricated by the following process. V-grooves with periods of 4 µm are formed on the GaAs substrate with GaAs/AlGaAs buffer layers, and 15 periods of GaAs quantum wires/AlGaAs barrier layers and an AlGaAs cladding layer are successively grown on the V-grooves by the flow rate modulation epitaxy (FME) method. 8) After wet chemical etching of the (100) quantum film layers on the mesa-top, an AlGaAs cladding layer is overgrown on the sample and the regrown surface is polishied mechanically in order to obtain a sample with a flat surface. The precise structure of an identical sample is reported elsewhere.
6) The size of the quantum-wires was measured by transmission-electron-microscopy (TEM) imaging and the central thickness and the lateral full width of the quantum wires were 11 nm and 46 nm, respectively. Figure 3 shows the photoluminescence (PL) and photoluminescence excitation (PLE) characteristics of the quantum wire samples. We observed a sharp 1e-1hh exciton peak (at 799 nm) with a linewidth of about 5-6 meV in the macroscopic PLE measurement with an excitation beam diameter of about 100 µm. The homogeneous linewidth of this type of crescent-shaped quantum wire was studied in a micro-PL measurement with an excitation beam diameter of about 1 µm and a very narrow linewidth with less than 0.1 meV was reported.
9)

Experimental Results and Discussion
We coherently created and destroyed excitons and excitonpolaritons using phase-locked double-pulses of light generated in an actively stabilized Michelson interferometer. 1) We monitored the pump-induced reflectivity change using a weak probe, which as shown in the results presented below, arrives about 5 ps after the second pump pulse. The delay between the pump pulses is either changed on an attosecond scale, i.e., within a fraction of the optical wavelength by using a piezoelectric actuator, or on a femtosecond scale using a conventional translation stage. The pump and probe beams are focused on the sample with a long focal lens ( f = 300 mm) for the excitation of the ensembles of the low-dimensional excitons within the focal diameter of about 300 µm. The experiments are performed at 5 K.
Before carrying out the coherent control experiment, we measured the pump-induced reflectivity change, namely the differential reflectivity, of samples using a reflection-type pump and probe measurement under resonance conditions. Figures 4(a) and 4(b) show differential reflectivity versus delay time between the pump and probe pulses for the multiquantum-well Bragg samples and the crescent-shaped quantum wire samples. In the multi-quantum-well Bragg sample, a steplike response is observed. The multi-steps in the differential reflectivity curve at the delay times of 4 ps and 8 ps are due to the reflection from the rear surface of the samples. We fixed the probe delay between 1.5 ps and 3 ps for the coherent control experiment in order to eliminate the problem of the rear surface reflection. In the crescent-shaped quantum wire samples, a step-like response with a gentle slope is observed in the differential reflectivity curves. We fixed the probe delay between 4.0 ps and 6.0 ps for the coherent control experiment. Initially we demonstrated the coherent control of excitons in GaAs/AlGaAs single quantum wells with an exciton wavelength of 804 nm as a reference. Figure 5(a) shows the differential reflectivity versus the delay between the phase locked double pulses. The delay time between the first pump pulses and probe pulses is fixed at 5 ps. Figure 5(b) shows the same figure with expansion of the x-axis (from 500 fs to 550 fs). As can be seen in this figure, the differential reflectivity, namely the population of the excitons, oscillates with the periods of the optical cycle of the exciton energy because the reflectivity change reaches a maximum and minimum under the constructive and destructive conditions, 1) respectively. Thus the envelope of the differential reflectivity curve shows the dephasing characteristics, and the periods of oscillation at each delay give information on the dynamic shift of the exciton energy. Figure 6 shows the coherent control results for the multiplequantum-well Bragg sample, under three different condition; (a) resonance condition, (b) near-resonance condition with +1.8% detuning of the interwell distance, (c) off-resonance condition with +4.7% detuning of the interwell distance. The results obtained under the resonance condition show a twostage decay with an initial fast decay of 200 fs and a slower decay of 0.8 ps to 1 ps. We attribute the initial fast decay to the decay of the super-radiant mode. The slower decay is due to subradiant modes that are also excited. The excitation of subradiant modes is theoretically forbidden for an ideal structure, but becomes allowed when disorder is taken into account. From the results obtained near the resonance condition, the super-radiant mode is clearly reduced in strength and the sub-radiant modes are now brighter than those under the resonance condition.
Using the highly sensitive detection technique, the coherent control for crescent-shaped quantum wires was demonstrated. Figure 7 (a) shows the coherent control results for the quantum wire samples. The result of the resonant excitation for the 1e-1hh excitons shows a very fast decay. We also investigated the pump power dependence of the dephasing characteristics, and the decay time versus excitation pump power is shown in Fig. 7(b) . The dephasing times were about 300 fs, 200 fs, and 150 fs for excitation powers of 0.45 mW, 1.9 mW, and 10 mW, respectively, where the laser interference decay time of 140 fs limited the measurement of the shortest decay time. This very fast decay of the quantum wire was also observed in the reflection-electro-optical-sampling (REOS) measurement under a relatively high excitation condition. 10) We have also performed spectrally resolved pump-probe measurements. Under the resonant excitation of the ensembles of the 1e-1hh states using laser pulses having the same bandwidth as the PLE line (5-6 meV), a spectral blue shift of 1-2 meV due to the mutual exciton-exciton interaction was observed for the initial delay time of 300 fs. For the delay time from 300 fs to 2 ps, a spectral redshift was observed, which may be due to relaxation between the subbands with the very fine structure that consists of the quantum wire continuum states, excited localized-exciton states, and ground localized-exciton states (dotlike states). 9) A very fast dephasing may be explained as the phase coherence being lost due to the spectral redshift after the 300 fs delay from the excitation.
Conclusions
We have studied ultrafast coherent carrier dynamics of exciton-polaritons in multi-quantum-well Bragg structures and excitons in GaAs crescent-shaped quantum wires using a coherent control technique. In the multi-quantum-well Bragg structures, super-radiant exciton-polariton characteristics with a two-stage decay were clearly observed. In the crescent-shaped quantum wires, very fast dephasing characteristics were observed, which might be due to the excitation of the ensemble of 1e-1hh exciton states consisting of the quantum wire continuum states, excited localized-exciton states, and ground localized-exciton states (dotlike states).
